An ab initio perspective on scanning tunneling microscopy measurements
  of the tunable Kondo resonance of the TbPc$_2$ molecule on a gold substrate by Vrubel, Ivan I. et al.
A TbPc2 molecule in close up: A new look at STM measurements from ab-initio
perspective
I. I. Vrubel1, A. A. Pervishko1, R. G. Polozkov1, H. C. Herper2, B. Brena2, O. Eriksson2, and D. Yudin1
1ITMO University, Saint Petersburg 197101, Russia and
2Uppsala University, Uppsala, Box 530, 75120, Uppsala, Sweden
(Dated: September 25, 2018)
With recent advances in the areas of nanostructures fabrication and molecular spintronics the
idea of using single molecule magnets (SMMs) as building blocks for the next generation electronic
devices becomes viable. SMMs represent a family of metal-organic complexes in which organic
ligands surround a rare-earth element. The relative position of the ligands with respect to each other
can be reversibly changed by the external voltage without any need of the chemical modification of
the sample. This opens a way of the electrical tuning of Kondo effect in metal-organic complexes. In
this work we present a detailed and systematic analysis of this effect from ab-initio perspective using
the case of TbPc2 as a particular example and propose qualitative and quantitative interpretation
of the existing experimental data.
I. INTRODUCTION
Recently, enormous progress in fabrication of nanos-
tructures brought attention to the field of metal-organic
molecules. This interest is mainly motivated by the pos-
sibility to use these complexes for spintronics [1, 2]. The
presence of the localized metallic shells in these com-
pounds may lead to the appearance of the pronounced
phenomena related to Kondo effect [3], which can be ad-
dressed in highly controllable manner with state-of-the-
art experimental methods [4]. A prototype Kondo sys-
tem could be a quantum dot which is weakly coupled to
two metallic electrodes [5–7]. An unpaired electron of
the quantum dot represents a localized spin state which
is coupled to the Fermi sea of conduction electrons in
the leads via an exchange type of interaction. Below a
characteristic Kondo temperature the localized spin and
the spins of the conduction electrons form a singlet state.
This Kondo state results in a resonant level at the Fermi
energy of the leads, the so-called Kondo resonance. This
resonance facilitates the tunneling of conduction elec-
trons and leads to the appearance of the Kondo plateau
in the conductance of the system as function of the gate
voltage at low temperatures and zero bias voltage [8, 9].
The Kondo effect [3] has been observed in a variety
of systems, e.g. carbon nanotubes [10], semiconduc-
tor nanowires [11], divanadium molecules [12], fullerens
[13, 14], and complex organic structures (single molec-
ular magnets, SMMs) such as phthalocyanine molecules
[4, 15]. The latter include, e.g., copper phthalocyanine
(CuPc) [16] and CoPc molecules deposited on a non-
magnetic Au(111) substrate [4] and Co islands, where
spin imaging of the spin of the central Co atom was
reported in STM measurements [17, 18]. An impor-
tant property of the Kondo effect in metal-organic com-
plexes is the possibility of its electric tunability, as it
was experimentally demonstrated in Ref. 19. Kondo-
type features were identified in STM images of a double-
decker molecular complex containing Tb, a rare-earth el-
ement. More specifically, the molecular system was bis-
(phthalocyaninoto)terbium (III), or simply TbPc2, de-
posited on top of Au(111) substrate, and a Kondo tem-
perature of 31 K was inferred from these experiments.
It has been suggested that the Kondo effect in TbPc2
is caused by the spin of an unpaired electron occupy-
ing the aromatic pi−orbital of the ligand. Importantly,
one can change the relative position of top and bottom
ligands (see Fig. 1) by application of external electrical
pulses [19], as was demonstrated by direct comparison of
STM patterns for the top ligand with respect to crystallo-
graphic axes. Reshaping of the ligand configuration have
dramatic consequences for the Kondo effect: while for
certain configurations Kondo resonance in the differential
conductance curve dI/dV obtained in STM measurement
is well pronounced (e.g., if the relative angle between the
top ligand and the bottom one is 45◦), it disappears for
the others (e.g., if the relative angle between the top lig-
and and the bottom one is 30◦). If Cu(111) rather than
Au(111) is used as substrate, the Kondo effect is absent
for all ligand configurations [20].
While experimental measurements clearly demonstrate
that modifications in the electronic structure of the
TbPc2 molecule is mainly responsible for the tunabil-
ity of the Kondo resonance, the corresponding micro-
scopic mechanism still remains obscure. In this paper
we present a theoretical analysis of the Kondo resonance
and its tunability using ab initio theory. We make a di-
rect comparison of our results with existing experimental
data and suggest an interpretation for them in terms of
a charge transfer between the substrate and molecular
magnet. Our calculations are based on a pseudopoten-
tial approach that unambiguously manifest the formation
of singly occupied molecular orbital (SOMO) for the ge-
ometries where the Kondo-peak is detected, and the lack
of SOMO for those where a Kondo-peak is absent. The
pseudopotential calculations were validated, by a com-
parison to electronic structure theory based on the pro-
jector augmented wave (PAW) method as implemented
in VASP [21, 22] as well as a full-potential, all-electron
method as implemented in RSPt [23]. The latter method
also allows for an analysis of the nature of the 4f states,
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2which we discuss below.
II. METHODS
Although we attempt to make our analysis as general
as possible we are still restricted by a series of limitations
which cannot be relaxed. It is well known that chem-
ical structuring may be used to explore Kondo physics
in a controllable fashion, e.g., by means of dehydrogena-
tion [4]. However, in our simulations we assume that the
chemical composition of an SMM remains the same. We
further suppose that initially a magnetic TbPc2 repre-
sents an isolated system not coupled to substrate, so the
latter does not affect its electronic structure significantly.
FIG. 1. (color online) TbPc2 molecular structure formed by
two organic ligands and a rare earth atom of terbium, Tb,
corresponding to the experimental geometry of the Ref. 19
in configuration with the relative angle between the ligands
equal to 45◦. Red sphere corresponds to terbium, Tb; blue to
hydrogen, H; green to nitrogen, N; grey to carbon, C.
Detailed microscopic analysis of the experimental ge-
ometry of the Ref. 19 requires a series of first-principles
approaches to be implemented. They include starting ge-
ometry optimization followed by density functional the-
ory (DFT) calculations of both equilibrium geometry and
electronic structure of TbPc2. In our simulations the
preliminary geometry optimization of TbPc2 complex is
achieved by means of the semi-empirical approach la-
belled PM7 [24, 25] implemented in the MOPAC2016
package. Experimentally accessible structures with rel-
ative angles between the top and bottom ligands of 30◦
and 45◦ are found to be stable. We then let the system
relax to the optimal configuration by placing the Tb atom
in the origin and two flat phthalocyanine ligands with a
fixed relative angle equal to either 30◦ or 45◦ correspond-
ing to the experimental configurations in the absence and
in the presence of the Kondo-resonance [19].
We further proceed with DFT simulations on the basis
of the Firefly8 package [26]. It is well known, that the
direct application of DFT-based methods to the systems
with a partially occupied f shell is questionable. For the
lanthanide series the f shell is not involved in the for-
mation of chemical bonding and is screened by itinerant
valence bands electrons. We thus approximate the core
electrons of the first four shells and eight 4f electrons
with an effective pseudopotential, whereas the last 4f
electron of the Tb becomes bound with nitrogens. We ex-
ploit the ECP54MWB [27, 28] relativistic potential with
fixed f subconfiguration and (8s7p6d)/[6s5p5d] valence
basis set for trivalent Tb. Such configuration may be
next utilized to fulfill self-consistency with other atoms
characterized by ordinary non-relativistic 6− 31G(d) ba-
sis sets. In order to test the accuracy of the pseudopoten-
tial approach we compared the calculated valence band
spectrum with calculations from the PAW technique, us-
ing the VASP software [21, 22]. All VASP calculations
are performed for the PBE96 functional, which combines
PBE1996 exchange, PBE1996 nonlocal and PW1991 lo-
cal correlation. This comparison is presented in Ap-
pendix A, and demonstrates that the pseudopotential
used here has sufficient accuracy. To study the local-
ization of the 4f electrons in the molecule the hybridiza-
tion function (Anderson impurity model) has been cal-
culated using the full potential software RSPt [23] and
the optimized geometry from the previous VASP calcula-
tions. The RSPt calculations were performed using LDA
(PW92) [29]. Here the hybridization function, ∆(E),
which is a natural property of many-body theory and
dynamical mean-field theory in particular can be used
to gauge the degree of delocalization of the 4f states.
In this work it was derived from calculations within the
full-potential linear muffin-tin orbital method as imple-
mented in the RSPt code [29]. The calculations of the
hybridization function have been performed in the non-
mangetic mode of the code which has been proven previ-
ously to be reasonalble for this type of analysis [30]. The
hybridization between 4f states and ligand orbitals of
TbPc2 was compared to typical Tb containing systems,
like Tb metal, Tb2 diatomic molecule and TbO2. In
case of the molecules TbPc2 and Tb2 the k−point mesh
was reduced to the Γ−point whereas bulk systems finite
k−point meshes with 12×12×12 (TbO2) and 20×20×12
(hcp Tb) have been used. The orbital expansion was
done up to lmax = 8 except for the TbPc2 where compu-
tational restrictions allowed only for lmax = 6.
III. RESULTS
To guarantee the fastest convergence for the geome-
try optimization with DFT we test various preliminary
configurations using the semi-empirical PM7 approach
at first. Furthermore, a full DFT-based geometry op-
timization is also performed. We present the results of
our numerical simulations in the form of the interatomic
distance histogram depicted in Fig. 2. One can clearly
separate three regions corresponding to: i) C−H bond
located around 1.09 A˚, ii) a series of C−C, C=C, C−N,
and C=N distributed between 1.3 A˚ and 1.5 A˚, iii) the
distance between Tb and N shown in inset positioned
around 2.45 A˚.
The geometry optimization performed in the first step
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FIG. 2. Results of DFT-based geometry optimization presented for two geometry configurations of TbPc2 (neutral molecule
as well as positively and negatively charged ions) with the relative angles equal to 30◦ (panel a) and 45◦ (panel b) between
the ligands in the form of bond length histogram. One can single out three different areas corresponding to i) C−H bond
(characterized by a peak positioned around 1.09 A˚), ii) C−C, C=C, C−N, and C=N bonds (distributed between 1.3 and 1.5
A˚), and iii) the length of the chemical bond formed between Tb and N (shown in the inset).
makes it possible to determine the electronic structure
self-consistently. We present the results of our numerical
calculations in Table I in which eigenvalues of singly oc-
cupied molecular orbital (SOMO) and highest occupied
molecular orbital (HOMO) are listed for the configura-
tions with relative angle between the ligands equal to
30◦ or 45◦. We present the results for a neutral molecule
and for singly ionized states. A neutral isolated molecule
of TbPc2 contains 593 electrons, so that the SOMO with
an unpaired electron must be present. This however does
not mean that the Kondo-effect will necessarily manifest
itself. The following conditions should be satisfied: The
energy of the SOMO is below the Fermi energy of the
substrate (otherwise the molecule will give an electron
to the substrate and transform to the positively charged
nonmagnetic ion), and the energy of the HOMO corre-
sponding to the negatively charged ion is above the Fermi
energy of the substrate (otherwise the molecule will cap-
ture additional electron to the substrate and transform to
the negatively charged nonmagnetic ion). Note, that the
use of the DFT results for the direct comparison with
experimental data is unlikely to be reliable: All exist-
ing exchange-correlation functionals yield systematic un-
derestimation of the ionization potential [31], and corre-
sponding corrections have to be taken into account.
Remarkably, DFT calculations reported here demon-
strate that the energy of the SOMO for all possible con-
figurations of a neutral molecule is above the Fermi en-
ergy of the Au substrate [19, 32, 33]. However, using the
systematic analysis of the DFT corrections for the ion-
ization potential provided in Ref. 31 we obtain a SOMO
self-energy that pushes the SOMO energy very close to
the Fermi energy [33]. The correction shift is equal to -1
eV (see Fig. 3). We therefore present in Table I eigenval-
ues from DFT as well as energies that have been shifted
with -1 eV.
IV. ANALYSIS OF THE RESULTS
In order to proceed with an analysis of the calculated
data we need to recall relations between calculated micro-
scopic properties and the observable experimental quan-
tities. The first one is an origin of the low-voltage scan-
ning tunneling microscopy (STM) spectrum. The con-
ductance can be estimated as [34],
dI(eV )
dV
=
4pie
~
ρtip(E
tip
F )ρSMM(E
SMM
F + eV )×
× |M(ESMMF + eV,EtipF )|2, (1)
where the ρtip, E
tip
F and ρSMM, E
SMM
F are densities of
states and Fermi energies for tip and SMM correspond-
ingly, M is the tunneling matrix element, and V is the
bias voltage. Assuming that the temperature is low so
that the density of unoccupied states can be considered
as a step function, and the tunneling matrix element is in-
dependent on energy, it is possible to access to the SMM
density of states through measuring the dI/dV curve.
The second essential factor for the analysis is a bright-
ness of the STM pattern for the given system measured
with a fixed bias voltage. This phenomenological factor
is derived as an integral over the dI/dV spectrum and
characterizes the overall density of states of the consid-
ered system up to the bias voltage.
Having basic knowledge of the electronic structure,
one may interpret experimental data, that in the Kondo
regime have a differential conductance with a three-peak
structure [19]. The zero-bias peak corresponds to the
4TABLE I. Eigenvalues and corrected energies of the highest occupied orbitals of the neutral molecule as well as positively and
negatively charged ions of TbPc2 with the relative angle between ligands equal to 30
◦ and 45◦.
Configuration calculated HOMO
eigenvalues [eV]
corrected HOMO
energy [eV]
calculated SOMO
eigenvalues [eV]
corrected SOMO
energy [eV]
TbPc2[30
◦]+ -7.09 -8.09 · · · · · ·
TbPc2[30
◦] -4.55 -5.55 -4.33 -5.33
TbPc2[30
◦]− -1.90* -2.90 · · · · · ·
TbPc2[45
◦]+ -7.21 -8.21 · · · · · ·
TbPc2[45
◦] -4.66 -5.66 -4.26 -5.26
TbPc2[45
◦]− -1.84* -2.84 · · · · · ·
Asterisk (*) marks the HOMO orbital that results from pairing up two electrons one of which belongs to SOMO.
FIG. 3. (color online) Schematic illustration of the den-
sity of states of a TbPc2 molecule deposited on nonmagnetic
Au(111). We mark occupied density of states of the sub-
strate, TbPc2 with 30
◦ and TbPc2 with 45◦ rotational an-
gles by orange, blue and red correspondingly. The horizontal
lines indicate HOMO (solid) and SOMO (dashed) levels of
the TbPc2 aligned on 1.4 eV with respect to the Fermi level
of the substrate due to systematic correction of the DFT re-
sults. SOMO and HOMO denote the molecular orbitals with
an unpaired spin and fully occupied states respectively. If the
SOMO is located below the Fermi level Kondo effect shows
up, otherwise TbPc2 recharges, SOMO is unoccupied and the
Kondo-peak cannot develop.
Kondo resonance at the Fermi level, the peak at -0.1 V
is associated with a resonant tunneling through HOMO
states and the peak at -0.9 V is depicted, but its origins
are not discussed. Changing the relative angle of the
molecule to 30◦ results in the suppression of the zero-
bias peak as compared to the case of 45◦.
Based on these considerations we propose three mech-
anisms of the Kondo resonance quenching: degradation
of the hybridization between the SOMO level with the
Fermi sea of the substrate and negative or positive charg-
ing. General consideration of the first and the second case
complemented with our ab initio calculations demon-
strates that they at least should not result in the de-
crease of the molecule density of states near the Fermi
level, which is in contradiction with observed decrease of
the STM brightness for non-Kondo regime. Note, that
from our calculations this suppression may occur only
due to the positive charging of the SMM, resulting in the
following model. When the molecule of a given, specific
geometry hybridizes with the substrate the SOMO self-
energy, for the case when the rotational angle is equal to
45◦, is slightly lower than the SOMO self-energy for the
angle of 30◦. Therefore, the latter lies above the Fermi
level of Au, and the former is slightly below. In the
first case the HOMO and SOMO are both present and
manifest themselves in the STM spectra, Moreover the
SOMO creates the Kondo resonance. While in the second
case the molecule releases an electron into the substrate,
charges positively and fades on the STM pattern due to
the shift of the DOS under bias voltage. Further, changes
of the geometry will lead to the fine tuning of the energy
of the SOMO in a controllable manner and corresponding
tuning the Kondo effect, which was performed in Ref. 19
by applying the electrical pulses.
The analysis presented so far assumes that most of the
states are localized, but that the 4f level hybridizes with
ligand N states. Such a model lies beyond the Standard
Model of the rare-earths and needs justification. One
possible way is to look at the hybridization function ∆(E)
which allows to quantize the degree of localization [30].
In the framework of Anderson impurity model the hy-
bridization function describes the interaction of a certain
electron (here Tb 4f) with the surrounding bath of va-
lence electrons. To understand the localization in TbPc2
in detail the hybridization function of TbPc2 has been
calculated within RSPt together with some well known
Tb systems such as TbO2 which serve as benchmark
systems. Rare earth dioxides are known for their quite
strong interaction between the Tb 4f and the O 2p states
and provide a large hybridization function which has in
this case with an expressed minimum around 1.52eV be-
low the Fermi level, see Fig. 4. Note that this is due
to the crystal structure of the rare-earth dioxide series
which is expected to give a very significant hybridization,
as calculations for CeO2 have demonstrated [30]. The op-
posite behavior is expected from bulk Tb or a diatomic
Tb molecule, both systems lack valence electrons other
than from their own species and show a vanishing ∆(E)
5for occupied states (cf Fig. 4). Comparing the calculated
hybridization function of the TbPc2 molecule to TbO2
and the pure Tb systems (Tb2, hcp Tb) shows that the
hybridization function is surprisingly strong and the 4f
electrons in the double-decker molecule are by far more
itinerant then in bulk Tb and ∆(E) is of the same order
of magnitude than the one of TbO2, see Fig. 4. What
causes the hybridization in the molecule is the interac-
tion with the isoindole Niso 2p electrons (the N atoms for
which N-Tb bond are drawn in Fig. 1). The overall size
of ∆(E) is slightly smaller than for TbO2 being related
to the fact that in comparison to oxygen nitrogen offers
one p electron less to hybridize with. In addition, the dis-
tance between the Tb ion and the ligand plays a role. In
the molecule the distance between the Tb and Niso ions
(2.43 A˚) is 7% larger compared to the nearest neighbor
Tb-O distance in TbO2 (2.26 A˚). Note, the appearance
of many small local minima in the hybridization function
which do not exist for the benchmark systems are due to
the presence of the other ligands in the molecule.
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FIG. 4. (color online) Calculated hybridization function of
4f states with ligands of TbPc2 (blue, dots), TbO2 (green,
dashed dotted line), Tb diatomic molecule (red, dashed) and
bulk Tb (orange, full line). Bond distance of diatomic Tb is
3.17 A˚, for TbO2 the lattice constant is 3.69 A˚, for hcp, bulk
Tb the hexagonal cell has lattice constants a = 3.61 A˚and c/a
= 1.58. For TbPc2 the nearest neighbour distance between
Tb and N atoms is 2.43 A˚.
Hence, the strong hybridization of 4f states with lig-
and orbitals (primarily next neighbor Niso 2p states) of
TbPc2 suggests that they may influence the Kondo ef-
fect, and that lighter rare-earth (RE) elements in a series
of REPc2 molecules, would show even stronger depen-
dence, particularly CePc2, the lightest rare-earth with a
significant filling of the 4f shell. Unfortunately, no other
Kondo temperature has been reported for REPc2 sys-
tems, although we note that the Kondo effect has indeed
been reported for YPc2 (for which the 4f shell is empty)
[35]. The calculations provided here hopefully motivate
further experimental investigations to the Kondo effect
of these molecules.
V. CONCLUSIONS
In this paper we have developed a systematic theory
that starts from an ab initio perspective and describes
Kondo-type features in the differential conductance of a
magnetic TbPc2 molecule deposited on a nonmagnetic
Au(111) substrate. The transition of the neutral TbPc2
molecule, to the ionized state, TbPc+2 , is suggested to be
triggered by the change of the geometry of the organic
ligands, that is induced by the application of an external
electric pulse. We find that this mechanism is responsible
for quenching of the Kondo-peak, by a careful analysis of
the SOMO level as a function of molecular geometry. The
presented results of ab initio simulations are in agree-
ment with experimental data presented in the Ref. 19.
We also observe an unexpectedly strong hybridization
between the Tb 4f states and the nearest neighbor Niso
2p orbitals, which might influence the Kondo tempera-
ture of this molecular system. We suggest that a wider
experimental investigation of the REPc2 series (RE is a
rare-earth element) could highlight this possibility.
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Appendix A: DOS comparison
Here we compare the pseudopotential DOS of the va-
lence region, Fig. 5, with the total DOS and the f -DOS
of TbPc2 calculated by DFT/PAW, Fig. 6. In both cases
we have considered a 45◦ ligand rotation as discussed in
the paper. The DFT/PAW calculations give a magnetic
moment of about 6µB . In the pseudopotential approach
of Fig. 5 the half occupied SOMO level is at -4.2 eV,
the HOMO at -4.6 eV, and the LUMO at -3.4 eV. In
the DFT/PAW, calculations the spin up and spin down
channels are shown. In the spin down states, the HOMO
is at -4.58 eV, the SOMO at -3.90 eV and the LUMO
at 4.79 eV. In the spin up states, the HOMO is at -4.57
eV, the SOMO at -3.89 eV and the LUMO at -3.00 eV.
Although the energy differences are slightly lower in the
pseudopotential DOS, with a ∆EHOMO−SOMO = 0.4 eV
as compared to the DFT/PAW ∆EHOMO−SOMO = 0.7
eV, it is evident that the main features of the total DOS
in the valence region, both in the occupied and in the un-
occupied parts, are the same in both approaches. From
the DFT/PAW calculations we obtain that the f state
contributions to the DOS in the occupied part of the
6spin up channel are located below about 0.5 eV from the
HOMO, and in the unoccupied part the first noticeable
f states contributions are seen about 0.9 eV above the
LUMO.
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FIG. 5. (color online) Total DOS computed by the pseudopo-
tential method. The gray filled curves show occupied states,
and the green filled curves are for the unoccupied ones.
FIG. 6. (color online) Total DOS (gray filled curves) and
f DOS (red filled curves) calculated by DFT/PAW. Peak
1up/1down is the HOMO, peak 2up/2down is the SOMO and
peak 3up/3down is the LUMO, in the spin up/spin down chan-
nels. The corresponding peaks in the lower part of the graph
are the HOMO, SOMO and LUMO in the spin down chan-
nel. A black line indicates the highest SOMO energy in the
spin up channel at -3.90 eV, such that the DOS in the energy
region above is unoccupied.
Appendix B: Technical details
Density Functional Theory (DFT) calculations using
the VASP [21, 22] code and the projector augmented
wave (PAW) method [36] were performed to compute
the geometric and electronic structure of TbPc2 in gas
phase. The TbPc2 molecule was inserted in a supercell
of 25.9×25.2×16.7 A˚in order to minimize intermolecular
interactions. The Perdew, Burke, and Ernzerhof (PBE)
exchange correlation functional was used, the plane wave
cut-off was 400 eV, and the long-range dispersion forces
between the two Pc rings were incorporated by the
Grimme’s 2nd method (D2) [37]. The 4f orbitals of the
Tb center were described by adding an effective Hubbard
term Ueff of 5 eV, where the values of the Coulomb inter-
action parameter (U) was 5.7 eV, and the exchange pa-
rameter (J) at 0.7 eV [38]. Non-collinear magnetism cal-
culations including spin-orbit coupling gave an in plane
magnetic anisotropy of 3.4×10−5 eV. For the DOS calcu-
lations presented in Fig. 6, a Γ−point only k−mesh was
employed.
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